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SUMMARY i I 

I 

Gaseous  bydrogen  fuel was burned in a 
a cross section  equal  to 35O sector of a 
shrouded  fuel-injector  configurations were used to obtain  ccmbustion 
data  at  the following high-altitude  ramjet  coldbustor  conditions:  pres- 
sure, 5 to 24 inches  of  mercury  absolute;  velocities, 340 to 160 feet 
per  second;  and  inlet  air  temperature of 240' F. Ccmbustlon  efficiencies 
were  measured  above 95 percent  for  wide bands of  fuel-air  ratios.  The 
combustor  configurations  reported  herein  extend  the  efficient  burning 
range of hydrogen  at  ramjet  conditions to a pressure  of 1/6 atmosphere; 
best  configurations  previously  reported  gave high efficiency  to on ly  1/2 
atmosphere.  Ccanparable  combustion  data af a f'ull-size  ramjet  engine us- 
ing the  shrouded  fuel  injector  are also presented. 

INTRODUCTION 

The  theoretical  advantages of using hydrogen Fuel for a high- 
altitude high flight  Mach  number  ramjet engine have been shown thoroughly 
in  reference 1 (also NACA unpublished data). These advantages  stem f r o a n  
the  hydrogen  prqperties 0f.a high flame  speed or reacti.vity,  especially 
at low pressures  (ref. 21, a large  heat sink or cooling  capacity, and 8 
high  heating value per pound. In order to realize Fully the  gotential 
advantages  of  hydrogen, high canbustion  efficiency  must be achieved in 
a short,  light-weight cmbustor with small flameholder  pressure losses. 

A t  high  altitudes  where burner pressare fell below 1-12 a-tmosphere, 
the  sbnple  spray bars of references 3 and 4 no longer  gave good cmbustor 
performance,  particularly  at  short  burner  lengths. The objective of the 
work  discussed  herein was to establish design principles for a fbel in- 
jector  capable  of good performance  at low burner  pressures  in a short 
canbustor  length. 

n 
F M 
3 n 

As the  program progressed, the  importance of certain design vari- 
ables  became  evident,  such  as, (1) m o u n t  of  air  admitted  inside  the 
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shroud~-,- 2) location of mixing tabs on the downstream  end of the 
shrouds; t 3) length and width between the shrouds (4) manner and loca- 
t ion of injecting Fuel inside the shrouds, and (51 spacing between shroud 
units.  Variables (1) and (2) were studied  primarily because the knowl- 
edge thus gained  could be lmmediately applied in   the 28-inch-diameter 
ramjet engine that was tested i n  the NACA Lewis 10- by 10-foot  supersonic 
wLnd tunnel. Design variables (31, (41, and (5) as well ae (1) and (2) 
.could be'observed more easi ly   in  a two-dimensional test section at a 
l a t e r  time and were l e f t  f o r  possible  future study. The starting point 
or basic design of the  fuel  injector was similar t o  the shrouded fuel 
injector of reference 5. One attempt was made t o  test a scale effect  by 
doubling  the-nmber of radial mer-injector elements and a t  the same time 
reducing the size of the element t o  one-half. 
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Testing was conduct& i n  a connected-pipe  burner with a cross  sec- 
t ion  equal  to a 35O sector of a 28-inch-diameter circle. This cr068 sec- 
tion ms'the  largest  one that could be a c c m d a t e d   i n  the existing test 
faci l i ty ,  The t e s t  ranges of inlet  pressure and velocity were selected 
t o  be equivalent t o  tunnel  operation a t  sfmulated altitudes of 80,OOO t o  
120,000 feet and flight Mach numbers of 3.0 t o  4.0. The inlet aFr tem- 
perature was approximately 240' F, which corresponded t o  the  total  tem- 
perature in the tunnel a t  a Mach number of 3.0. ( A t  a f l ight  Mach num- 
ber of 3.0 in  the  stratosphere  the  total. temperature is  640° F.) 

As the  ramjet engine was primarily designed for low-equfvalence- 
ratio operation (up t o  0.4 stoichimetric fuel-air ratio),   the bulk o f  
experimental data was taken at these low eqpivalence ratios. Coslbustion 
efficiencies are reported $or ll different shroud configurations. Three 
o f these  configurations were also tested up t o  stoichicmetric fuel-air 
ratio6  for  possible  future  application. The performance of one configu- 
ration that was tes ted  in  the 28-inch-diameter ramjet in the tunnel is 
also presented  for cc~nparison. 

Connected-Pipe Test Facil i ty 

A schematic drawing of the  airflow is shown in figure 1. Air was 
supplied a t  40 pounda per square  inch gage and heated electr ical ly   to  
provide  a  ccanbustor-inlet temperature of approximately 240° F. The 
heated a i r  was metered by a variable-=ea  calibrated  orifice, passed 
through a thrott l ing valve, and entered a plenum  chamber. Froan the 
plenum  chamber it was ducted into a 12-inch-diameter pipe t o  the  cmbustor 
section. Gaseous  hydrogen f'uel flowed directly flrcan a rmzltigas-cylinder 
t r a i l e r  through  a throttling  valve and cr i t ica l  flow-metering orifice to 
the fuel injectors  in  the  cmbuitor. Air-atcmized. quench water, metered 
by rotameters, was introduced a t  the  caabustor  exit. Tbe resulting .a 
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gas-water mixture came  to an equilfbrim.'taperature in a 15-foot long 
heat  balance or mlorlmeter  section.  The  equilibrium-mixture  tempera- 
ture was measured  by  two  thermocoqle rakes before  the  gases  were  ex- 
hausted  through a throttung  valve  to the laboratory  altitude  exhaust 
system. The  calorimeter  wall  temperature was measured  by  skin  thermo- 
couples  to  permit  calculation  of  heat  losses frm the  calorimeter.  Win- 
dows  at  either  end of the  rig  permitted  observation of the  burner. 

Ccmibustor  Section 

Details of the 35O-wedge-sector  burner  are  presented in f i g u r e  2, 
The  burner  simulated a wedge  cut frm a 28-inch-diameter  ramjet cmbus- 
tor. A i r  entered  through an orifice-type f l o w  restriation and passed 
through a 2-foot long flow-straightening annular section.  The  fuel in- 
Jectors  were located in the  annular  sector, just before a step m e  to 
a circular  sector. This step change  simulated a pilot-ended  centerbody 
in the  28-inch-diameter  ramjet. 

Wall  static-pressure  taps, probing stations, spark plug, and thermo- 
couple  rake  were  located  a6 sham in  figure 2. !Z!he burner walls were 
cooled  by  forced  air  convection. The afstance was 14 inches frm the 
point  of  fuel  injection  to  the  thermocouple  rake  with 10 additional 
inches  to  the  quench-water  spray. As the  rake was in the  hot  core  of 
gases  the  readings  could  not  be  used  to  calcula.te  directly  the  caibus- 
tion  efficiency.  The  rake  gave  relative values af coanbustion  efficiency 
and  temperature  profile  between the various Axel  fnjectors.  The  cold- 
flow velocity  profile in the  burner  is  shown for two  stations (2 and 3) 
in figure 3. The probe  traveled  at  right  angles  to  the  burner wall. 

Fuel-Injector-Flameholder  Configurations 

Figures 4(a) to (k) present  details of the  fuel  injectare.. Each 
flattened  injector  tube  had 13 pairs of drilled  holes  located on the 
centers of equal areas of the  simulated annulus. The injector  tubes of 
configurations J and K had holes one-half the  size of those  used for 
configurations A to I. 

Configuration A (fig. 4(a)) was  similar to that used in  reference 5 
and was a starting  point for design deprture to -rove  low-pressure 
ccmibustion  efficiency  and  burner  stability. 

Configuration B, with a reduced  air  supply  inside  the shrouds, was 
expected t o  prdde a more  stable  fb&neholding  zone  by  both  reducing  the 

of hydrogen is a maximum at. 811 equivalence  ratio  of 2 (ref. . ( E q e v a -  
lence  ratio  is  the  fraction  of  stoichicmetric  fuel-air  ratio. 2l C o n f i g u -  
rations C to F, in which  progressively  more air was admitted  between  the 

h l oca l  velocity  and.increasing  the  local  fuel-air  ratio.  The  flamespeed 
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shrouds, were studied  to  see  if part of  the  air  might not jmprove  the 
combustion  efficiencies  but  not  seriously  decrease  stability.  In  con- 
figuration F, the  blockage  between  the  shrouds was radially  nonuniform, 
attempting  to  shelter  the  region  where  the flame first  blew  off  the  spray 
bar. 

The  problem  of mixing the hot  fuel-rich  gases  issuFng f r o m  the flame- 
holder  wlth  the  remaining  air  would  probably  be  the  most  difficult  when 
all the  air was bypssed around  the shrouds, as in  configuration B. A 
campletely  blocked-shroud  configuration was therefore  chosen  to  examine 
the  effect of" mixing  tabs on the  downstream  end of the  shrouds.  Config- 
uration G had the  tabs  bent  straight in line  with  the shrouds and was a 
basis  for  ccarrparison.  Configuration E with  tabs  bent  outward was an at- 
tempt  to  introduce  more  turbulence  with a V-gutter-type  blockage.  With 
configuration I {tabs  bent inward) it was hoped  that, Fn. addition  to a 
lower  friction  pressure drop, the  air  would flow around the shrouds wlth 
an inward  component. W s  inward-air  component  would  impinge on both 
sides of the issuing  f'uel  creating a favorable zone for lhixing and spread- ing. Configuration B w'as designed to create uniform antisymmetrical  zone8 
of mixing (as  opposed  to  the  symmetrical  tabs of conf'iguation A ) .  

ConfiguratFons A to I were fabricated from the  same  flattened f'uel 
spray  bars and shrouds, Modifications  between  the  configurations  were 
made-  by changing the  upstream end of the  shrouds or by bending  the  mixing 
tabs.  Configurations J and IC were  of similar shape to  configurations B 
to I, but  four  injector  units  were  tested in the same crom section  that 
previously  held  two  units.  !Be four injector  units  had  the same radial 
dimensions,  but  their  cross  section was one-half of the  two-unit  size. 
Increasing  the  number of fuel injectors was expected  to  -rove  the 
outlet-temperature  profile  and  perhaps  to  reduce  the  cmbustor length. 

Operating  Conditiom 

For  all  the  configurations  except A, data were taken at  constant -- 
airflow  levels of 4.0, 1.5, and  0.7  pounds  per  second. A run was defined 
as a series of data  points  at  constant a i r f low with  stepwise  changes in 
the  f'uel f l o w .  The pressure of the  burner  (unless  otherwise  noted) W&B 
the  lowest  pressure  available in the  particular  apparatus  used. The 1.5- 
pound-per-second  airflow  condition was picked  because  it  most  closely 
simulated  velocities  in  the  28-inch-diameter  ramjet.  The  4.0-pound-per- 
second airflow represented  operation  at higher burner  pressures with 
somewhat  higher  velocities,  At  the  0.7-pound-per-second  airflow  the 
flameholder  could  be  tested  to  near  stoichiometric  ccmbustion,  but  the 
air  velocity was about one-half that of the  realistic  ramjet  conibustor. 
The following table  presents  typical  operating  ranges  at  the  tbree 
airflows : 
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Airflow, 1 Approximate  Inlet A i r  Conditions 
B/sec 

0.7 
1.5 
4.0 

Pressure 

in. Hg abs 

16-25 

Velocity 

ratio ft/sec 
equivalence C T  range 9 

mldmum fuel Temperature, 

190- 70 

18 240  320-220 
, .49 240 280-160 
1.00 240 

The maxFmum equivalence  ratio was limited  by the fuel supply system. 

5 

The  burner was ignited  by a sparkplug conveniently  located in the 
burner wall 5 inches  dawnstream  of  the fuel injectors.  Since  this  loca- 
tion was not  opt-,  the  airflow had to be reduced  below 100 feet  per 
second, and the  pressure  raised  to  more  than 10 inches  of  mercury  abso- 
lute  before  the  burner  would  start. A more  favorable  location  for  the 
sparQlug would be near  or  in  the  path of a fuel jet. 

Combustion  Efficiency 

Caibustion was assmned  to  be termfmted by the quench-water  spray. 
Reference 5 presents  cambustian data taken  with a heat  balance  and 
quench-water  spray in which  the  quench-water  flow  rate was varied  while 
the  burner fuel and airflows  remained  constant.  Since  the cmbustion ef- 
ficiency  remained almost canstant  over the range of quench-water f l o w s ,  
it was concluded in reference 5 that  the  canbustion  reaction was defi- 
nitely  terminated by the  quench  water. The combustion  reaction in this 
program should be even more  quickly  quenched  hecause the water was more 
finely injected  (more Wectian points  per  cross-sectional area) in e- 
tion  to  being  air  atomized. 

Canbustion  efficiency was defined as the  ratio of the  measured  en- 
thalpy  rise in the burner  divided  by  the  theoretical lower heating value 
of  the  fuel. The enthalpy  rise in the burner was calculated from a heat 
balance around the  calorimeter  section. To " b e  the  heat  capacity 
of the products,  the  canbustion  reaction was theoretic- assmed to 
OCCUT at a calorimeter-outlet  temperature of appro-tely 400' F. m e  
theoretical  heating  value of the fuel would then  be  the  weight flow of 
fuel  times  its  heat of cambustion  at 400° F, 51,970 Btu per  pound. The 
following tab& shows  the  relative  importance of the  various  constituents 
in the  heat  balance  for a typical data point with a 240° F inlet  air tem- 
perature and 0.0078 pound per  second  of fuel at 60° F. 
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Constituent 

Air 
Fuel 
Quench  water 
Jacket  water 
Losses  of  calorimeter 
to  room air, calcu- 
lated from ref. 7 

Total 

240 to 400 
60 to 400 
50 to 400 
50 to 60 

rnthalpy 

20 

391 

Bthalp rise 391 Combustion  efficiency = Fuel value (0.0078)(51,970) 
= 98 percent 

Shroud A i r  Blockage 

Figure  5(a)  and  table I present  combustion  efficiencies for the 
original configuration A with  100-percent open area  between shrouds. A 
rapid  fall-off  of-efficiency was evident  at lean fuel flows. At  the 
lower  burner  pressure oLrun8 1 and 2, blowout of the  outer half of both 
fuel  InJectors  occurred  at  about a 0.3 equivalence  ratio. 

Airflow to configuration B was completely  blocked off between the 
shrouds or  zero-percent  open  area.  Configurations  C, D, E, and F had 
progressively  more  air  admitted  between the shrouds. CcPlibuation  effi- 
ciency  data  for  these  configurations  are  shown in figures  5(b)  to (f), 
and  figure 5(g) is a summary plot  for  the  1.5-pound-per-second  airflow 
condition of' the  faired  curves  of  figures 5(a) to  (f 1. 

Mixing Tabs 

The  results of varying m i x i n g  tabs on the  downstream  edge of the 
shrouds are  shown in figure 6. There was little or no effect on cambus- 
tian  efficiency. The predminant  effects  were  noted in the cold-flow 
pressure  losses  and  outlet-temperature  profiles. Cold-flow pressure 
losses 4 / q ,  where 4 is  the wall static-pressure drop across  the 
fuel-injector  flameholder and q is  the  velocity  head,  were a moderate 
2.0 for conflgiratioa 3 to a low 0.7 for  configuration I. . Configuration 
A with no blockage on the qstream end of the  shrouds  had a very low 
cold  flow @/q of 0.2. The static-pressure drop corresponds  approxi- 
mately  to a total-pressure  drop  at  the  test  velocities.. 

. 
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For comparing the -ratqre profiles, a profile  factor was defined 
as the maximum minus the minimum measured temperature divided by the av- 

erage  temperature rise Tmax - mn. Configuration B with  antisymmetri- 

cal   tabs  had the  best mean profile factor, and  configuration G with no 
tabs had the worst profile  factor of figwe 6. Individual  profile  fac- 
t o r s  are presented in table I. 
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The temperature-profile-factor data are not  cmpletely  reliable be- 
cause they were computed frm only one temperature rake with f'ive thermo- 
couples.  This rake was across  the wake of the fuel injectors and meas- 
ured flame spreading between injectors,  but  not radially along  each in- 
dividual injector. V i s u a l  observation of the flame indicated  approxi- 
mately uniform raafal  temperatures, except f o r  an intentionally  designed 
cold-air zone next t o  the outer wa31. The profile data could only be 
taken up t o  m e d i u m  fuel flows, and blanks in the data table were  due t o  
thermocouple rake burnout. 

Higher Equivalence-Ratio Burning 

Figure 7 presents  canbustion data a t  equivalence r a t i o s  up t o  1.00. 
These data must be qualified, because t o  enable the limidxd fuel system 
t o  produce high  equivalence ratios,  the weight flow of a i r  was reduced. 
Consequently, the air velocity was lower than would be real is t ic .  These 
tes t s ,  however, did produce interesting data.. The cmbustion  efficiency 
remained high (above 87 or 92 percent) up t o  a 1.00 equivalence ratio a t  
a very l o w  burner pressure (5 t o  8 in. Hg abs for  run 21}. Runs 22 and 
23, configurations D and E, w e r e  less  stable,  blowing out a t  5 inches of 
mercury absolute  (conditim of rull 21). The data were sdsequently  taken 
a t  a higher  pressure  level where cmibustion was found e h b l e .  

LnJector  Size 

Figures 5, 6, and 7 were all run with the same number of fuel in- 
jectors (2)  and the same distance between shrouds (about li in. ). For 
figure 8 the size of the fuel .. injector was reduced one-half but the num- 
ber of injectors was increased t o  4. The four fuel injectors were only 
run at the 0.7-pound-per-second airflow  condition f o r  two different 
shroud open meas. The cabustion  efficiency as seen i n  figure 8 was 
s t i l l  good (about 90 percent f r o m  0.3 t o  0.8 equivalence ratio),  but the 
burner stability was slightly less. The low pressure  for  stable-burning 
was 6 or 8 inches of mercury absolute  for runs 25 and 26, respectively, 
as ccaqpared with 5 inches of mercury absolute  for run 21 (fig. 7). Y 

" The greatest advantage realized was the hrprovement of the outlet- 
temperature  profile. 
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Flameholder  Durability 
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A l l  ofthe tests of this  program  were run at suba~ospheric pres- 
sures because  it m s  believed  that  the  subatmospheric  region was where 
cambustion  problems  would  arise.  It was assumed  that  the  combustion ef- 
ficiency  would  remain  as high or  rise  even  higher  when  hydrogen  burned 
at  high  pressures. The durability  of  the  flameholder  parts would prob- 
ably  be  the  chief worry wlth  high-pressure  burning. The flameholders 
used  in a s  investigation  warped  slightly  at  times  but  never  burned  art. 

8 
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Burner Length 

The  burner  length  used  in  this  program was constant, 24 inches from 
fuel  injection  to  quench-water  spray.  Since  it  was  desirable  to how if 
this  length  were  opt-  and also waa inconvenient  to  move  either  the 
fuel  injectors  or  quench-water  spray bars, other  attempts  were  made to 
measure  heat  release along3he burner  length. Figure 9 presents data 
from two  methods. In the  fXrstmethod, shown in  figure 9(a), the gas 
temperatures  at 4, 7, &nd 13 inches from the  fuel iuector were calculated 
*can measured wall static  pressures and momentum  pressure-drop  relatione. 
The final  temperature  at 24 fnches was calculated A-om the  fuel-air  ratio 
and  the  heat-balance cmbustion efficiency. It appears from the  cwrvee of 
figure g(a) that for  low equivalence ratios heat  addition was completed- I 

in a shorter  length,  and  for a high equivalence  ratio  the f u l l  24 inches 
was needed.  It  must  be  pointed  out,  however,  that amall errors in the 
wall static-pressure  measurement would produce  large  errors i n  the  calcu- 
lated gas temperature  and so the  results  of figure 9(a) might  be 
fortuitous. 

- 

Figure 9(b) presents  gas  temperature  measured  by a traversing (at- 
right angles to the  airflow)  thermocouple  probe  at  four  different  axial 
stations.  With  the data of f-e 9(b) it was possible to fol low the 
wake of the  flame  behind  configuration D as it spread  out. No quantita- 
tive  heat-addition  rates were possible  with  the data, because  the sing- 
traverse  of  the  probe  at  each  axial  station WRS not  representative  enough 
to  give a true  average  temperature of the  total  burner  cross  section. 

DISCUSSION 

Combustion  Efficiency 

A f e w  broad  observations  can  be made on the  combustion of hydrogen 
in  this  wedge  burner. (I) If burnin@;  took  place,  it wa8 usually very 
efficient  (above 90 percent)  and  remained high over a WFde  fuel-air-ratio 
range. When fh l l -of f  occurred,  it was very  rapid. (2)  Canbustion  effi- 
ciencies  at  pressures  greater  than 1/2 atmosphere were not  influenced by IC 

4- 



- the  fuel-injector  design. Every &ta  point taken in the  medium  pressure 
range  of 1/2 to 1 atmosphere  fell on a s w e  curve of approximate- 100- 
percent cdustion efficiency  with a rapid  fall-off  occurring  at  the ex- 
tremely low equivalence  ratio of 0.05. For this  reason,  the smmary plot 
of figure 5 ( g )  included anly the  low-pressure-operation  region  where  ef- 
fects in performance  were found. (3) Dropping  the  combustion  pressure 
from the medium  range  to  the low range (l6 to 25 and 7 to 12 in. Eg abs), 
shifted  the  lean end efficiency dropoff to a richer value. This shift 
can  readily  be  seen in figures 5(N, (c), and (a), or in .  figure 6. 3 

ED 
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Shroud A i r  Blockage 

One  variable  given  particular  attention was the amaunt of air  admit- 
ted  inside  the.fuel-injector shrouds. By varying the percentage of open 
area  between  the shrouds, the lean end fall-off  could  be  controlled and, 
to a lesser extent, the level of the ccrmbustion efficiency. For the op- 
tlmum shroUa design a conpromise was necessary  as the design with the 
better  combustion  efficiency  had  the lesser range of aperation. &am 
figure 5(g) it  appears  that  either the 9- or  21-percent  aesign  (configu- 
rations C or D) would  be  the  best  choice. 6-  The 63-percent  design  (configuration F) a-ppears inconsistent  Wfth - the  other  curves of figure 5(g). This lack of order  of the 63-percent 
curve  is  perhaps  explained by the  manner in which the  air was admitted 
inside  the shrouds. Canfiguration F had  blockage that was radially non- 
uniform and much closer to the fuel spray  bar. Thus, the airf low tur- 
bulence in the  viclntty of the fuel spray bar would be  noticeably dif- 
ferent than with the f"ther upstream uniform, U-shaped blockage of con- 
figurations B to E. 

Cabustion Inefficiencies 

Conibustion  inefficiencies when using hydrogen  fuel should. be Less 
than for hydrocarbon fuels. In amtian to the greater  reactivity  and 
flame speed of hydrogen,  there  are no unreactive intermediate products 
formed as is possible in the case of hydrocarbon fuels, C d u s t i o n  in- 
efficiencies, then, with hydrogen f'uel are  probably  due to two sources. 
(1) There  is  insufficient  time  or burner length  for  complete mildng of 
the unburned fuel and air. A Ustorted air  or f 'uel-f low profile  would, 
of course,  increase the time  required for sufficient mixing. (2) A t  
severe  operating  conditions  there can be local blowoff of individual 
areas of the  fuel-injector - flameholder  system. This blowoff  results 
in fuel-rich  zones  that pass unburned out  of  the  burner,  which i s  nor- 
mally long enough for  complete mixing. This blowoff could  be  intermittent 
or continuous fo r  part of the  injector as in the c-e of configuration A. 



10 NACA RM E58A2l.a 'L 

w 

Flameholder Size 

When the  scale of the   fkl- injector  flameholder was reduced =-half 
(increasing the number o m e l - I n j e c t o r  flameholders t o  4), the ccrmbus- 
tion  efficiency began to  decline at high  eqavalence  ratios.. A possible 
explanation f o r  the rich end drop is that the  &ller  Fnjectors  create a 
smaller scale of turbulence which decays more rapidly,  thus  creating a 
shorter mixing zone. This short  m i x i n g  zone could be adequate a t  medium, 
but not a t  high.equivalence  ratios. The rapid drop i n  combustion e f f i -  
ciency a t  low equivalence ratios is similar ia behavior t o  the larger 
flameholder. PresumiZbly the same effect m w  occurs a t  a somewhat-higher 
equivalence ra t io .  

tb m 
tb 
01 

Data  Accuracy 

The maximum probable error in cambustion efficiency f m  measure- 
ments of fuel, sir, and quench-water flows was kt7 percent a t  the lowest 
fuel flows and &2 percent at the highest Fuel flows. The calorimeter 
heat loss of 10 t o  20 Btu per second was about 1 t o  20 percent of the 
total  heat  releaqe depending on the fuel flow. The errors in the meas- 
urement of the  calorimeter heat losses would result i n  a ccaribustion ef- 
ficiency  error of'=@ percent at the lowest f'uel f l o w  t o  j 9 . 5  percent a t  
the  highest fuel flow. For example, run 23 of figure 7 reaches 104- 
percent combustion efficiency at an equivalence ratio of 0.20. If' a t  a 
0.20 equivalence r a t i o  a  4-percent error were caused by a fixed calorim- 
eter  error, t h i s  fixed  error would amount t o  less  than 1 percent a t  a 
1.0 eqdvalence ra t io .  

Burner Stabili ty 

The  main contribution of the mrk reported  herein was develqpslent 
of a stable flameholder 6 1  injector for  use with hydrogen fuel at  low 
burner  pressures. I?le injection schemes of references 4, 5, and 6 all 
begin t o  suffer combustion efficiency  or  stabil i ty losses below 1/2- 
atmosphere pressure.  .By-injecting  fuel  inside a sheltered zone, essen- 
tially a  U-gutter, stable- burning was poesible . to extremely low equiva- 
lence  ratlos of 0.05-and pressures of 5 Fnchea of mercury absolute. The 
5 inches of mercury absolute was a fac-ty and not a stability limit. 
The-scheme of inject+ng fuel into a sheltered zone not only increased 
bur- etability, but also resul ted  in  g o d  canbution  efficiency in a 
short length. Adding increasing amount6 of air directly Fnto the shel- 
tered  region raised the canbustion  efficiency even higher (92 t o  99 per- 
cent, f ig.  5 (g ) ) with only a s m a l l  decrease In  stabil i ty.  For another 
example, figme 7 shows that conf'iguration B, a fully sheltered design, 
burned at  5 inches of mercury absolute, whereas configmattons D and E 
with small amounts of air admitt&.to the  sheltered  region blew out at 5 
inches of' mercury absolute and only burned a t  pressures  Ugher  than 8 
inches of mercury absolute. - 
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Additional  information about" the optimum size or shape of this shel- 
tered zone o r  where the f'uel should be injected  into it i s  s t i l l  unknown. 
The wider of the two sizes of shrmds t r ied  @ve the  better  stabil i ty.  
This fact  may be related t o  the hydrogen-air-- quenching distance 
a i c h  increases  rapidly a t  low pressures (ref. 3). Future designs might 
attempt t o  maintain a more desirable or constant fuel-ai.r r a t i o  inside 
the sheltered zone by Using the fuel mmentum t o  draw in  additional air 
as  the  'fuel flow is increased. 

A moderate intensity buzz o r  resonance was occasionally heard with 
a l l  configurations  except A, F, and I. The buzz usually occurred as a 
function of pressure  or &el flow. If buzzing  occurred, it would became 
audible a t  about a 0.3 equivalence r a t io ,  increase i n  amplitude t o  about 
0.5 equivalence ra t io ,  and then  die  aut at richer Fuel flows. Buzz did 
not cause any increase in   the  temperature of the  burner walls. The buzz 
was not screech i n  the burner i tself ,   but  presumably a  resonance of the 
in le t  o r  exhaust  ducting  of  the  burner. 

Temperature Prof i le  

The temperature profiles of all the injector  configurations were 
satisfactory  for  ramjet uses where large exhaust  temperature differences 
can be tolerated with small propulsive  losses. Temperature profiles 
were  improved so that: (1) Future me of turbojet primary f ie1  injectors  
may be pOSSibl&, and (2) since a uniform temperature profile implies a 
complete reaction, if mixing is controlling, a shortened  burner length 
may be possibke.  Lncreasing injector blockage does not always Imprave 
the temperature profile (fig. 6) ;  the blockage must be added t o  improve &Xing. Increasing the m e r  of f'uel injectors and keeping the same per- 
cent blockage, however, did almost  halve the temperature profile  factor as 
shown i n  figure 8. The amount of air  admitted  inside the shrouds 6e-d 
t o  have l l t t l e  effect  on the temperature profile  factor f o r  those config- 
urations  with  the rounded leading edge (zero- t o  33-percent open area, fig. 5(g))* 

The magnitudes of .the 4/9 flameholder pressure  losses  across the 
flameholders w e e  closely t o  the theoretical sudden expansion losses  for 
the equivalent blocked areas. The only deviation from theoretical 4 / q  
was between configurations G and B (fig. 6) .  Configuration B had slightly 
less 4 / q  than G even though their normal blocked areas at  any ax ia l  
station were equal. A possible  explanation was that the tabs bent inward 
acted t o  diffuse the a i r  around the shrouds, and the tabs bent outward 
acted as vortex generators., increasing the boundary-layer air energy and 
resulting in the air flowing a r w d  the  tab rather .than separating. 
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Full-Scale m i n e  Canparison 

Figure 10 shows  data  taken  with  fuel-injector  configurations A and 
D in both  the  connected-pipe  burner  and a Azll-size  ramjet  engine  tested 
in  the 10- by  lO-foot  supersonic  Kina  tunnel.  Configuration A was run 
in a l6-inch-diameter  ramjet  engine (ref. 61, and  configuration D was rzul 
in a 28-inch-diameter  ramjet  engfne. The agreement was excellent  in  the 
overlapping portions of the  curves.  The  question  raised  by  figure 10 was 
that  of  the  fall-off  of  the  28-inch-diameter-engine  lean-canbustion  effi- 
ciency data compared  with  the  connected-pipe  data,  both wing the  same 
fuel-injectar  configuration D. 

Gaseous hydrogen  fuel was burned  in a connected-pipe  combustor of 
cross  section equal to a 35O sector of a 28-inch-U.ameter  ramjet-engine 
combustor. 

1. A shrouded  fuel  injector  operated  stably and efficiently  st 
burner  pressures (5 to 15. in. Hg abs)  that were too low for a simple 
spray-bar  fuel  injector. 

2. Cmbustion  efficiencies  above 95 percent  were  achieved f r o a n  
equivalence  ratios of 0.1 to 0.46 at a pressure  range  of 7 to 12 inches 
of mercury  absolute  and a velocity  range of 300 to 100 feet per second 
for  the  best  shrouded  configuration. 

3. The  most  stable  canbustion was achieved  with a configuration In 
which  the  upstream  end of the  shroud was completely  blocked  off. 

4. Admitting  air  to  the  upstream  end of the shroud increased  the 
cmbustion efficiency  level  but  caused  the lean end  of  the  efficiency 
curve  to  fall  off  at a higher  equivalence  ratio. 

5. The  ccxnpletely  shrouded  fuel  injector  gave cmbustion efficien- 
cies  above 87 percent  at  equivalence  ratios frm 0.1to 1.00 with a pres- 
sure  range  of 5 to 8 inches of mercury  absolute  but,  due  to a facility 
limit,  at a lower velocity  range  of 190 to l l 0  feet  per  second. 

6. Mixing tabs on the  downstream  end of the  shrouds had no  effect on 
canbustion  efficiency  but  improved  the  outlet-temperature  profile. 

7. Reducing  the sdle of the  fuel  injectors  by  one-half  resulted  in 
a marked  improvement  of  the  outlet-temperature  profile,  but  the m i n l m u m  
burner pressure  for  stable  combustion w a s  increased fYm 5 to 8 inches 
of  mercury  absolute. 

*. m 
IP 
# 
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CONCLUDING REMARKS ON COMBUSTOR DESIGN 

For burners  operating over 1-atmosphere pressure a simple We&- 
spray system is  usually adequate. The size of the f'uel jets m u s t  be 
coarse enough t o  prevent blowoff and flne enough to  insure proper mix- ing. References 4 and 5 give details of several types of dfrect  spray- 
bar systems. For the intermediate  pressure range of 1/2 t o  1 atmosphere, 
the simple spray bar might work, but  the  sheltered-zone  type would prob- 
ably be preferred because durability should not be a severe problem. A 
shroud similar t o  the one used in this report wfll add abaut a 3-percent 
pressure loss due to   the bloclcage but should increase the caibustion ef- 
ficiency  nearly to 100 percent. 

For burners  operating at  1/2- t o  1/6-akosphere  pressure,  burner 
s tab i l i ty  can be insured by injecting  the fie1 ig  a sheltered region and 
part ia l ly  burning it there a t  an over-rich  equivalence ra t io .  (Eydxogen 
has a mximum flame speed a t  an equivalence ra t io  of 2 .O) . men the  hot 
fuel-rich stream is mixed with the  additional a i r  downstream of the shel- 
tered  region  to ccnrrplete cambustion and t o  reach  the desired over-all 
equivalence ra t io  or  temperature. The size of this sheltered  region can 
not be too mall, or  the  burner  stability ~ l l  be impaired; the width 
should  probably be no smaller than about 1 inch. For high canbustion ef- 
ficiencies at  extremely low equivalence ratios, a c w l e t e l y  shrouded 
fuel  Fnjector should be used. For better cmbustion efficiency at medium 
and high  equivalence ratios, up to  1/6 of the total air is admitted di- 
rectly  inside  the shroud. Mi- tabs on the shroud will provide a bet- 
t e r  temperature profile and possibly a shorter  burner length. It is not 
lmown i f  the manner of injecting fue l ,  inside the shroud i s  important. 

Lewis Flight Propulsion Laboratory 
National Advisory Camittee fo r  Aeronautics 

Cleveland, Ohio, January 27, 1957 
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TABLE I. - PERPORMANCE DATA OF HYDROQEN FUEL IN 35' WEWE SECTION OF A 28-INCH DIAMETER RAMJET 
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TABLE I. Concluded. PERPaRMANCE DATA OF HXBOt€EN PUEL IN 35' WEDOE SECTION OF A 28-IMCH-DLAME!CER RAMJET g 
7 

6.m 

g 10.81 

8 1 1 



.. . . . . . . . . . . 

; d 

.. ..  .. 

4648 

dmuat 

. 

t t 

P 
F 



. . .  . . 
. . . . . . . . . . . . . " . . . . . . . . . ". . . ..  -. . .. . 

I I 



19 

Looking upstream 
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Figure 3. - Air velocity profiles domstream of 
flameholders (no heat addition). Flameholder 
configuration E. 
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Burner  inlet 
A i r f l o w ,  Pressure, Temper- -Velocity, 
lb/sec in. Hg abs ature,  ft/sec 

OF 

6 0 I 1.7 8 - 14 250 270-160 

I I 
9 - 1 5  

12 - 17 230 240 290-190 230-160 I 
1.7 14 - 14 
2.3 17 - 24 240 180-130 

2d I I I I I I I I 

.1 .2 .3 .4 .5 
Equivalence ratio, cp 

(a) Configuration A; 100-percent open area between shrouds; cold flaw, 
0.15; 35O two-flameholder  units. (Original configuration, similar to 
ref. 7). 

Figure 5. - Canbustion efficiency of various flameholder - fuel-injector 
configurations in a 35O-wedge  section of a 28-inch-diameter  ramjet  can- 
bustor. Variations - of open ”- m e a  in the  leading  edge ” of the  flameholder. 
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(b)  Configuration B; zero  percent  open  area  between shrouds; 
cold f l o w ,  1.2; 35' two-flameholder  units. 
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Airflow, Pressure Temperature, Velocity, 
lb/sec in. H g  ab0 ?F f t / B e C  

0 6 1.5 7 - 1 2  250 280-170 
60 0 7 4.0 16 - 24 230 320-220 

A 9 4.0 16 - 25 240-320 340-220 
D 8 1.5 7 - 12  250 300-160 

Lh 
I 

40 
0 .1 .2 .3 .4 05 

Equivalence  ratio, cp 

(c )  Configuration C;  9-percent open area between shrouds; cold 
flow, 0.9; 35O two-flameholder units. 

Figure 5. - Continued.  Cumbustion efficiency of various flame- 
holder - fuel-injector  configurations  in a 3S0-wedge  section 
of a 28-inch-diameter  ramjet  combustor.  Variations of open 
area in the  leading  edge of the  flameholder. "- 
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0 10 1.5 7 - 1 2  250 270-160 - 
I7 ll 4.0 16 - 25 230 330-210 
A 12 1.4 10 - 12 240 190-150 

8oF 69 0 --- 

35O two-flameholder units. 

Equivalence r a t i o ,  cp 

(e) Configuration E; 33-percent open area between shrouds; cold f low,  
0.7; 35O two-flameholder units. 
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( f )  Configuration P; 63-percent open area betveen shrouds; cold flow, 
0.2; 35O two-flameholder uni ts .  

Figure 5. - Continued. Ccmbustian  ef'f'iciency of various flameholder - 
fuel-injector configurations i n  a 3 5 O - v e d g e  section of a 28-inch- 
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(g) ccpnparison of configuratlorm A t o  F a t  the 88me test conditions; ah- 
fluw, 1.5 pounh per second; pressure, 7 t o  12 inches of mercury absolute; 
velocity, 330 t o  160 feet per secmd; and temperature, 250' P. 

Figure 5. - concluded. Cambustion  efgflciency of various fZameholbr - 
fuel-injector cor,figurations in a S O - w e d g e  sectlon of a 28-inch-diameter 
rsmjet ccmbustor. Variations of E area In the leading edge of the 
flameholder. 
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7 - 1 1  250 
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Figure 6. - Combustion efliciency of various flameholder - fuel-injector 
c o ~ t i o n a  in 8 35O-wedge sect ion of a 28-lnch-diameter  ramjet cam- 
b u t o r .  Effect of m~xing tabs; 35O tm-flameholaer units; zero-percent 
E area between shrouds. 
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messure, Temperature, Velocity, 
in. Hg abs op ft/sec 

5 - 8  230 19o-llo 
8 - 1 3  230 U O -  70 
7 - 8  230 120-llo 
8 - 15 230 UO-60 

rf 

5 
Q 

22 .7 
0 0 23 .7 

A 24 .7 - u Note: R u n s  22 and 24 blowout at  5 in. Hg abs . 
40 I I I I t 1 I 
0 .2 .4 -6 .8 1.0 1.2 

Equivalence ratio,  q 

Figure 7. - Combustion efficiency of vazious  flameholder - fuel-injector 
configurations i n  a 35O-wedge section of a 28-inch-diameter ramjet ccm- 
bustor. Perfornance ” at high equivalence ratios;  35O two-flameholder 
units. (Note compressed equivalence-ratio  scale .) 
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Figure 8. - Cmbustion efficiency of four  flameholder - fuel-injector 
units in a 35O-w-edge  section of a 28-inch-diameter  remjet  canbustor; 
350 four flameholder  units. 
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Distance 8croas burner, in. 
(b) Gss temperature measured by themouple probe. Burner-inlet coladitiorrs: air- 
flcrv, 1.5 pounds per second; preasm,  8.8 Inches of mercury absolute; velocity, 
222 feet par second; temperature, 24@ F; canbuation efficiency, 91.0 percent. 
probe corrected for radiation. 

pigure 9. - Concluded. Heat addition along burner length. Fuel-injector configu- 
ration D in the  so-^ aection of a ~8-inch m e t  canbustor. 
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* '  c *  i , 

0 28-Inch diameter 

R 16-Inch  diameter 
(experimental d t a )  

"- "- 
Solid symbols indicate 

subcritical airflow 
In the ramjet engines 

0 .1 .2 .3 .c .5 a 6  

Equivalence ratio, cp 

Rgure 10. - Cambustion efficiency of fuel-Injector conFlgUraeions A and D in both 
the 35O-wedge burner and full-size m e t  engines, InLek conditions mre approxi- 
mtely the same for all curves. Tenrperatuxe, 250° F; pressure, 7 t o  17 inches of 
mercury; velocity,  270 t o  160 feet per second. 




